A first principles calculations study is carried out to theoretically investigate the effect of compressive and tensile strains on the structural, electronic and optical properties of type-I guest-free Si46 and barium-filled Ba8Si46 clathrates. The electronic band structure of the unfilled Si46 clathrate revealed a semiconducting behaviour with a quasi-direct band gap of 1.36 eV. Under hydrostatic pressure, the bandgap magnitude of the guest-free Si46 behaves monotonously. For the Ba doped Si46 clathrate (Ba8Si46) structure, the strain has no significant effect on the electronic band structure, while its impact on the optical properties is appreciable. The optical properties, such as the dielectric function and the absorption were computed for different strain variations, which are clearly enhanced for both the unfilled Si46 and Ba-filled Ba8Si46 clathrates when the pressure is 1 GPa in the direction of a compressive state.
Introduction
Group-IV inorganic clathrates are cage-like materials where a number of host atoms form a network arranged in cage shape to possibly enclose a guest atom. Indeed, this class of material is very promising given the large possibilities to tune the intrinsic properties by substituting both host and guest atoms in order to design new materials having desired functions for specific applications. Depending on the atomic arrangements eight types of clathrates are well established [1] . The type-I structure is the most investigated among the different known types, on the other hand, it has an excellent thermoelectric [1] , semiconducting, and superconducting properties [2] . Guest free type-I Si 46 silicon clathrate is a hypothetical structure, which has been theoretically studied and expected to exhibit interesting thermoelectric and electronic properties as a promising semiconductor material with a band-gap greater than that of silicon in the diamond structure [3] . However, the actual synthesis of type-I Si 46 clathrate remains a challenging task and yet not resolved. In contrast with type-I Si 46 silicon clathrate, the filled Ba 8 Si 46 [4] and partially vacant Ba x Si 46 [5] have been synthesized by different methods, mostly by using techniques based on high pressure and high temperature. The synthesized Ba 8 Si 46 material revealed several technological properties, especially it is known as the first clathrate to demonstrate low temperature superconductivity, in addition, by partial substitution of barium with aluminium, Ba 8 Si 46 have showed a good semiconducting behaviour [5] . One drawback of this material is related to its low mechanical properties under hydrostatic pressure.
In this work we have systematically investigated the effect of hydrostatic pressure on the electronic and optical properties of Ba 8 Si 46 and Si 46 clathrates in type-I configurations by using first principles calculations in the frame of density functional theory (DFT). The development of the computational techniques for applying DFT to real materials has made it possible to predict quantitatively the atomic and electronic structure and properties of different materials [6] [7] [8] [9] [10] . In particular, the pseudopotential method based on the local DFT [7] [8] [9] [10] [11] has been very successfully used for studying various properties of the crystals [8] , surfaces, and interfaces of metals, ceramics, and semiconductors [12] . The first part deals with a concise description of the theoretical background; in the second part the structural and electronic aspects of both compounds were examined.
Calculation methods
Inorganic clathrates are mainly composed from facesharing polyhedral networks of group IV atoms (C, Si, Ge, and Sn), entrapping guest atoms like alkalineearth, rare-earth or alkali-metals, among others. The type-I configuration with formula is X 8 A 46 (X = guest, A = group IV) belongs to the simple cubic in P m3n space group, build-up from association of dodecahedron and tetrakaedicahedron polyhedrons networks as directed in Fig. 1 , where host atoms occupy the 2a, 6c, 16i, and 24k symmetric positions, whereas the guest atom species (X) are located in 6d positions according to the Wyckoff designation.
In the present work a first-principles calculation is carried out using Cambridge Serial Total Energy Package (CASTEP) [13] code, based on the DFT [14, 15] . To describe the electric wave function, a plane-wave ultra-soft pseudopotential method is adopted. For the energy minimization the generalized gradient approximation (GGA) is used within the Perdew-Burke-Erzenhorf (PBE) [16] approach. In the present calculation, for accuracy we have set a plane-wave cut-off energy value to 480 eV, and the first irreducible Brillouin zone in the reciprocal space was sampled using 6 × 6 × 6 grid mesh following the Monkhorst-Pack scheme resulting to a total number of 108 k-points. In order to obtain optimal geometrical parameters and internal coordinates, a rigorous atomic relaxation of the system is performed using the BroydenFletcher-Goldfarb-Shanno (BFGS) [17] [18] [19] [20] optimization algorithm until obtaining the Hellmann-Feynman atomic forces with a value lower than 10 −3 eV/Å. Optical properties were computed for each step of the hydrostatic pressure using 14 × 14 × 14 mesh points sampling in the first Brillouin zone for better approximation of the dielectric function.
For the calculated mechanical properties to simulate hydrostatic pressure, an isotropic stress tensor is exerted on the system, the strain response is defined through the Moore law of general elasticity given as follows: (σ ij ) = (C ij )(ε ij ), i, j = 1, 2, 3, where σ ij are the elements of the tensor matrix, C ij are the elastic constants, and the ε ij represent the elements of the strain tensor. The cubic nature of the type-I lattice leads to define only three elastic constants, i.e. C 11 , C 12 and C 44 which are equal to: C 11 = 135 GPa, C 12 = 58 GPa, and C 44 = 40 GPa as reported in the literature for both Si 46 and Ba 8 Si 46 clathrates [4] . In the present calculation we have simulated hydrostatic pressure values between -3% to +3% by a variation step of 1%.
Results and discussion
We have calculated the structural properties of both Ba 8 Si 46 and Si 46 structures considering both applied hydrostatic pressure and without pressure. Knowing the fact that GGA-PBE calculations underestimate lattice constants and internal coordinates, as shown in Table I , our calculated results exhibit a good agreement with available experimental and other theoretical results. The calculated lattice constants are of a = 10.0 Å and a = 10.22 Å for the unstrained Ba 8 Si 46 and Si 46 structures, respectively. Depending on whether compressive or tensile strain is applied, we have found that the lattice parameters vary monotonously with the magnitude of the applied hydrostatic pressure. In our case, the simulated hydrostatic pressure for Be 8 Si 46 do not exceed 15 GPa as reported in [9] , which can undergo phase transformation beyond this limit. As for Si 46 clathrate, the value of 19 GPa is defined as an upper limit referenced to the theoretically predicted in [10] . The calculated structural, electronic, and optical properties for both Ba 8 Si 46 and Si 46 structure are considered taking into account these limited values of hydrostatic pressures. Figure 2a reveals an indirect band gap of 1.36 eV in which the valence band maximum is located between M and G high symmetry points, while the conduction band minimum is located at the X point. The Si 46 clathrate exhibits a semiconducting character as supported by previous theoretical studies. The transition from semiconducting behaviour to metallic character is observed due to the inclusion of Ba atom as shown in the obtained band structure of Ba 8 Si 46 depicted in Fig. 2b , which results in the mixture, near to the Fermi level, of the 3d states of Ba and 2p from Si in the Ba-Si bonding. For the case of applied tensile or compressive hydrostatic pressures, the energy band gap in Si 46 remains quasidirect, and exhibits minor changes in the energy position of the VBM and CBM, however, the band gap magnitude varies quasi-linearly with the applied strain.
The variation of band gap magnitude as a function of applied pressure is shown in Fig. 3 . Under the applied hydrostatic pressure, the band gap magnitude changes monotonously with varying from -3% to +3% described in Fig. 3 . For the case of filled Ba 8 Si 46 , the applied hydrostatic pressure slightly affects the interatomic distances and cell volumes keeping a monotonous variation with the incremented pressure magnitude. Nevertheless, the effect of the pressure on Ba 8 Si 46 modify its optical properties, in particular the complex dielectric function. Figure 4 illustrates the dielectric functions of Ba 8 Si 46 as function of the photon energy for Ba 8 Si 46 showing respectively the real (Fig. 4a) and imaginary (Fig. 4b ) parts of dielectric function for different values of hydrostatic pressure (0, 1, 3, 5, and 7 GPa). It is observed from Fig. 4b that the value ε 2 tends to zero more rapidly for the higher pressure in the examined ranges. Figure 4b indicates that the material is susceptible to become transparent at low energy value. It is clear that from Fig. 4 the simulated 1 GPa gives better optical properties as compared to other higher values. 
Conclusion
In the present study, we have systematically investigated by performing DFT calculations, the structural, electronic and optical properties of the unfilled Si 46 and filled Ba 8 Si 46 type-I clathrates under various pressures. The calculated lattice parameters for both structures Si 46 and Ba 8 Si 46 are in good agreement with the experimental and former theoretical results. The electronic band structure shows a semiconducting character for Si 46 structure with a quasi-direct band gap, which turns to a metallic character due to the presence of the Ba atoms. We have found that under the simulated pressure the band gap in Si 46 remains quasi-direct and its magnitude change noticeably with the pressure variation, while the pressure is less affecting the electronic properties of Ba 8 Si 46 but appreciable for its optical properties.
